In order to assess the role of cyanobacteria in the formation and dynamics of microenvironments in microbial mats, we studied an experimental biofilm of a benthic, halotolerant strain, belonging to the Halothece cluster of cyanobacteria. The 12-week-old biofilm developed in a sand core incubated in a benthic gradient chamber under opposing oxygen and sulfide vertical concentration gradients. At the biofilm surface, and as a response to high light irradiances, specific accumulation of myxoxanthophyll was detected in the cells, consistent with the typical vertical distribution of sun versus shade species in nature. The oxygen turn-over in terms of gross photosynthesis and net productivity rates was comparable to oxygen dynamics in natural microbial mats. Sulfide blocked O 2 production at low irradiances in deep biofilm layers but the dynamics of H 2 S and pH demonstrated that sulfide removal by anoxygenic photosynthesis was taking place. At higher irradiances, as soon as H 2 S was depleted, the cells switched to oxygenic photosynthesis as has been postulated for natural communities. The similarities between this experimental biofilm and natural benthic microbial mats demonstrate the central role of cyanobacteria in shaping microenvironmental gradients and processes in other complex microbial communities. ß
Introduction
Cyanobacteria are the major primary producers in most microbial mats and in many other microphytobenthic communities. They supply organic carbon to the rest of the microbial communities by active excretion or cell lysis [1] . Thus, they represent the driving force of a microbial mat [1] . In benthic environments, cyanobacteria are confronted with steep gradients of light, oxygen and sul¢de that £uctuate mainly with a daily cycle [1, 2] . This imposes speci¢c physiological and metabolic challenges for growth and survival. Traditional studies on cultured isolates have been necessary and useful to obtain physiological interpretations of microbial function. For example, sul¢de a¡ects the photosynthetic performance of cyanobacteria [3^6] . However, the interpretation of such studies is restricted because the liquid cultures do not simulate the gradient conditions observed in natural benthic environments. On the other hand, the interpretation of studies on natural communities is di¤cult because of their complexity. It is known, however, that factors such as light, temperature or salinity have a strong in£uence on cyanobacterial activities [7^10] . A third approach in benthic ecological studies is to establish typical benthic conditions in simple model systems. With appropriate culturing devices, the growth conditions of benthic strains can be simulated in axenic conditions with gradients similar to those observed in the natural benthic habitats [11^13] . From these studies, the interactions between physico-chemical gradients and the structure and the dynamics of experimental axenic bio¢lms have been clearly demonstrated and identi¢ed.
The objective of our work was to assess the roles of the typical gradients observed in microbial mats on the photosynthetic performances and the structure of a cyanobacterial bio¢lm. For that purpose, a cyanobacterium belonging to the phylogenetic cluster Halothece [14] isolated from benthic microbial mats was grown in a benthic gradient chamber (BGC) under light, oxygen, pH and sul¢de gradients [12] . At the end of the culturing period, the structure and metabolic activities of the bio¢lm were investigated using microsensor techniques.
Materials and methods

Bacterial strain
The cyanobacterium MPI 95AH10 belonging to the cluster Halothece [14] was used. This strain is non-motile, benthic, unicellular and extremely halotolerant, able to grow phototrophically with CO 2 and H 2 O. It was originally isolated from a hypersaline, sul¢dic, benthic environment [14] .
Culture conditions
The design and experimental handling of the BGC have been described in detail previously [12, 15] . Its use in this study is summarized below. The culturing device is composed of a 45-mm deep arti¢cial sediment core (internal diameter 48 mm) sandwiched between an upper (oxic) and a lower (anoxic, sul¢de-containing) thermostated chamber. This generated opposing oxygen and sul¢de gradients within the core. The temperature was maintained at 35³C. The sediment consisted of ¢ne sterile sand with a grain size of 125^250 Wm. As in microbial mats, transport of solutes through the sand core has been shown to be exclusively due to molecular di¡usion [12] .
The two liquid media in the upper and lower chambers had a similar composition, made up of ¢ltered (0.45-Wm pore size) seawater with a salinity of 3.5%. The seawater was supplemented with NaCl to increase the salinity to 9%, which is the optimum salinity of this strain at a temperature of 35³C [14] . Nutrients, trace elements and vitamins were also added according to the protocol described by Garcia-Pichel et al. [14] . The medium in the upper compartment was kept permanently air-saturated by bubbling sterile air through an air-lift system. The medium in the lower compartment was anoxic and contained 10 mM sul¢de (H 2 S+HS 3 +S 23 ) at pH 7.2 and was amended with 20 mM of NaHCO 3 .
The BGC was illuminated from above by a collimated light beam from an incandescent lamp (100 W, Philips). The light regime was 16 h light/8 h dark. The scalar irradiance at the sediment surface at the beginning of the culturing phase was 800 Wmol photons m 32 s 31 for the photosynthetically active radiation (400^700 nm). After 12 weeks of culturing, the BGC was opened to allow the insertion of di¡erent sensors, in order to measure light distribution, pigment signatures, metabolic activities and chemical (O 2 , pH and H 2 S) micro-pro¢les.
Microscale light measurements
Scalar irradiance pro¢les were performed with a ¢ber-optic microprobe [16] connected to a cooled optical spectral multichannel analyzer (OSMA ; [17] ). Details about the calibration of the spectral sensitivity are given in previous studies [13, 18] . Scalar irradiance was related to the incident light. The latter was measured above a light trap as downward scalar irradiance according to the procedure described by Lassen et al. [16] . Downwelling irradiance was measured with an underwater quantum irradiance meter (LiCor 190). The attenuation coe¤cient for scalar irradiance, K E [19] , was calculated according to the procedure previously described [16] .
Microelectrodes
O 2 , H 2 S and pH pro¢les were measured with microelectrodes. The characteristics and the calibration procedures of microsensors have been described previously [13] . Details about the pro¢ling procedure and data recording have been given previously [15] . During the measurements, the BGC was illuminated from above by a vertical collimated light using a 150-W ¢ber-optic tungsten-halogen light source (Schott). The downwelling irradiance was varied by insertion of neutral density ¢lters (Oriel).
Calculation of metabolic activities
Oxygenic photosynthesis
Volumetric gross photosynthesis (VGP) at depth z was determined with the microelectrode light^dark shift technique [20] . The procedure and calculations are explained in detail by Ku « hl et al. [21] . Areal rates of gross photosynthesis (AGP) corrected for porosity were calculated by integrating the photosynthesis pro¢les along the vertical direction. Since a substantial part of the phototrophic bio¢lm consists of intact cells with intracellular water, a precise estimation of the porosity by standard drying procedures is di¤cult [22] . Therefore, we assumed a porosity of 0.95 to be constant with depth. This value is commonly used for oxygen budgets in natural phototrophic bio¢lms [21, 23] .
Oxygen exchanges
The net export of oxygen to the overlying water or net productivity (NP) was calculated from the oxygen £ux at the surface of the bio¢lm according to the following equation:
where D 0 represents the di¡usion coe¤cient in water, C the oxygen concentration and z the depth. The oxygen gradient was measured in the di¡usive boundary layer (DBL) of the oxygen pro¢le. The di¡usion coe¤cient for oxygen in water was calculated according to the equation from Li and Gregory [24] and was 2.56U10 35 cm 2 s 31 at a temperature of 35³C and a salinity of 9%. Under illuminated conditions, the O 2 £ux leaving the bio¢lm downwards, J L , was calculated from the following equation:
where P represents the porosity and D s the sedimentary di¡usion coe¤cient. The D s value used for that study represented 50% of D 0 , which is a ratio commonly used in studies of microbial mats and phototrophic bio¢lms which develop on sand. The sum of the £uxes J 0 and J L is a measure of the total export of the photosynthetically active layer [21] . This total O 2 export, T O 2 , was calculated as :
Gross photosynthesis J 0 , J L and T O 2 were calculated for di¡erent incubation light conditions. At the end of the culturing period, the scalar irradiance intensity was measured at the surface of the bio¢lm under the light conditions used during the culturing. For the microsensor measurements, this light intensity was chosen as reference, and the bio¢lm was exposed to di¡erent light conditions below, under and above this reference light intensity. For the sake of simplicity, the various illumination intensities used for the characterization of photosynthetic activities during the measurements have been expressed as the scalar irradiance spectrally integrated between 430 and 700 nm, and measured at the surface of the bio¢lm.
Results
After 12 weeks of culturing in the BGC, a bio¢lm of Halothece was formed on the sand surface. Microscopic observations indicated that the number of putative contaminants was less than 5% of total counts per ¢eld of observation (less than 0.42% of the cyanobacterial biomass).
Vertical distribution of scalar irradiance
Vertical pro¢les of scalar irradiance within the bio¢lm at various wavelengths are presented in Fig. 1A . Strongest attenuation was observed for 465 and 512 nm, and can be attributed to the absorption from cellular carotenoids [18, 25] . From the surface down to 0.7 mm, the combined e¡ects of light-trapping and multiple scattering were observed at 620, 675 and 800 nm, with a signi¢cant increase in scalar irradiance with respect to incident values. The scalar irradiance distribution indicates that the top part of the bio¢lm was characterized by high absorption in the carotenoids wavelength range, and low absorption in the phycobilin (i.e. 620 nm) and chlorophyll (Chl) a ranges (i.e. 675 nm). These are typical features of high lightadapted cyanobacteria. Full spectra for the attenuation coe¤cient measured at di¡erent depths within the bio¢lm are shown in Fig. 1B . Besides Chl a and phycocyanin signatures, clear shoulders at 512 nm were observed in all spectra. These can be attributed to the presence of myxoxanthophyll, since this carotenoid is the only one synthesized by this strain presenting such an absorption peak [14] . Myxoxanthophyll accumulates in this strain as a result of light stress [14] . Using the depth distribution of K E for 512 nm and 675 nm, a proxy of the bacterial distribution at depths where light-trapping did not occur could be obtained (Fig. 1C,D) . Using either wavelength, attenuation coe¤cients signi¢cantly higher than 0.85 mm 31 (a value corresponding to sterile sand; data not shown) were measured down to 2.8 mm. This indicates that biomass-mediated attenuation occurred down to 2.8 mm and sets a limit to the colonization of the sand by the bio¢lm. The depth pro¢le of the ratio between K E (512 nm) and K E (675 nm) (Fig. 1E) showed a clear peak close to the surface, indicating a relative accumulation of carotenoids on the top part of the bio¢lm. Interestingly, the maximal depth of colonization was below the maximal depth of oxygenic photosynthetic activity as measured with microsensors (see below).
Steady-state pro¢les and gross photosynthesis
Steady-state pro¢les of O 2 , pH and H 2 S measured for di¡erent incubation light conditions are shown in Fig. 2 . 572 Wmol photons m 32 s 31 corresponds to the light intensity measured at the end of the culturing period under the light conditions used for the bio¢lm growth (see Section 2). The corresponding VGP measurements are shown in Fig. 3 
Oxygen exchange and scalar irradiance
From the VGP data presented in Fig. 3 , it is possible to calculate the AGP by depth integration (Fig. 4A) . AGP increased with increasing irradiance up to a maximum observed at 572 Wmol photons m 32 s 31 , the irradiance used during culturing. Above this irradiance, AGP declined, demonstrating a photo-inhibition of photosynthesis in the bio¢lm. The NP of the bio¢lm was also plotted as a function of surface irradiance (Fig. 4A) . This plot allows the determination of the compensation point (E c ), i.e. the irradiance value where oxygen production is balanced by oxygen consumption, which was equal to 50 Wmol photons m 32 s 31 . NP increased with irradiance to a maximum of 10 nmol O 2 cm 32 s 31 at 1100 Wmol photons m 32 s 31 . There was no apparent photo-inhibition of NP. Under light, the total O 2 export, T O 2 , was balanced with AGP, except at the highest irradiances where T O 2 exceeded AGP. This is theoretically not possible, as export can never exceed production. This mismatch could be due to a methodological underestimation of AGP but also due to the onset of photorespiration, a process which is not measured by the light^dark shift technique and which would underestimate VGP values.
Relating VGP(z) to E 0 (z) provides information of the photophysiological acclimation of the cells along the light gradients (E 0 (z) represents the scalar irradiance as a function of depth). Such analysis is shown in Fig. 4B , where four di¡erent layers within the bio¢lm were selected and the average VGP of each layer expressed as a function of the scalar irradiance at the selected depth. VGP at the surface (0^0.3 mm) reached a maximum at 120 Wmol photons m 32 s 31 and no photo-inhibition was observed. Between 0.4 and 0.7, the maximum of VGP was at a scalar irradiance of 520 Wmol photons m 32 s 31 , and above this irradiance photo-inhibition occurred. In the two deepest layers, VGP was not detectable at very low light intensity ; however, as soon as su¤cient light was present to detect oxygenic photosynthesis, maxima were measured indicating a good photoadaptation to low light intensities.
The absence of detectable photosynthesis in the deepest parts of the bio¢lm at low light intensity could be due to H 2 S inhibition. In fact, the presence of H 2 S coincided with the absence of VGP in the di¡erent layers (Fig. 5) . The lowest scalar irradiance where VGP was detectable increased with depth from 12 at the surface to 50 Wmol photons m 32 s 31 for the deepest layers. The corresponding H 2 S concentration were similar for the di¡erent layers, i.e. 
Anoxygenic photosynthesis and scalar irradiance
In order to estimate the signi¢cance of anoxygenic photosynthesis, O 2 , pH and H 2 S pro¢les were measured in the dark and after a short-term exposure to light (Fig. 6 ). Anoxygenic photosynthesis can be shown by a net decrease of H 2 S under light anoxic conditions. From the absolute di¡erence between dark and light pro¢les, it is possible to visualize the depth where maximum sul¢de removal occurred (Fig. 6) . At 11 Wmol photons m 32 s 31 , the H 2 S di¡erence was not very signi¢cant, however, the pH di¡erence showed a small peak at circa 1 mm depth, indicating CO 2 removal (autotrophy) leading to a pH increase. Above 11 Wmol photons m 32 s 31 , a pronounced H 2 S di¡erence was observed at 0.8 mm concomitant with an increase in pH. For 24 and 57 Wmol photons m 32 s 31 , both peaks of absolute di¡erence for pH and H 2 S were located below the photic zone (Fig. 6) . Sul¢de removal here could only be attributed to anoxygenic photosynthesis. At irradiances higher than 57 Wmol photons m 32 s 31 , the photic zone and the layers with sul¢de decrease and pH increase overlap. Under these conditions, it is not possible to determine whether decrease of H 2 S was due to sul¢de removal via anoxygenic photosynthesis or an increase in pH via carbon ¢xation due to oxygenic photosynthesis, or both.
Discussion
To our knowledge, this study is the ¢rst report that demonstrates the possibility to culture cyanobacteria in gradient conditions similar as those observed in their natural benthic habitat such as microbial mats. The cyanobacterium used for the culturing belongs the Halothece cluster and was isolated from an hypersaline microbial mat. This bacterium often dominates the top layers of microbial mats [8] . The comparison in terms of structure, dynamics and metabolic activities of our bio¢lm with natural cyanobacterial mats is essential to test the validity of such a simple model system before determining the roles and extent of cyanobacteria in shaping mat microenvironments. That will be the outline of the following paragraphs.
Structure of the bio¢lm
The vertical light distribution within the Halothece bio¢lm was comparable to natural microbial mats where strong attenuation of the visible wavelengths in the ¢rst few millimeters is often observed and attributed to the presence of cyanobacteria or diatoms layer [9, 18, 25] . The maximum value of the myxoxanthophyll/Chl a ratio (7.8) was measured at the bio¢lm surface. Similar patterns can be observed in natural phototrophic bio¢lms where carot/ Chl a ratios of 2^5 have been calculated from pigments analysis [2] , or from irradiance measurements [9, 26] . The carotenoid myxoxanthophyll is synthesized to protect cells against strong radiation [14] . Halothece cells indeed exhibited photoacclimation to the light gradients imposed in the BGC, as was demonstrated using photosynthesis versus irradiance plots (Fig. 4A ). In conclusion, the Halothece bio¢lm developed an optical structure comparable to natural cyanobacterial mat, with self-organization of the pigments distribution as a function of the light conditions imposed during the culturing phase. These data demonstrate the strong interaction between the cyanobacteria and the micro-distribution of visible light. Similar results have also been reported for phototrophic sulfur bacteria for infrared light [13] .
Oxygenic dynamics and irradiance
In phototrophic bio¢lms, measuring of oxygen dynam- ics as a function of light provides essential information to understand photosynthesis regulation. From a PI curve, it is possible to determine K, a parameter measuring the slope of the initial increase of photosynthesis with light, and P max which is the maximum photosynthesis rate. A high K value indicates photoacclimation to low irradiance conditions, and vice versa. To compensate for the low energy supply from the light source, phototrophic cells increase their pigment contents (their absorption cross-section) and consequently light harvesting becomes more ef¢cient. In micro-benthic communities, low K values have been measured at the surface, whereas higher values are found deeper in the bio¢lm [27] . In our Halothece bio¢lm, however, a signi¢cant decrease of K with depth was measured (Fig. 4B) . This e¡ect can be explained by the presence of sul¢de, which inhibits oxygen production at low irradiance (Fig. 5) . As soon as sul¢de was removed, oxygen production could resume. Taking this into consideration, one can indeed surmise that cyanobacteria located in deep layers exhibited the expected photoacclimation, since maximum rates occurred as soon as sul¢de was totally depleted (Figs. 4B and 5 ). In addition, photo-inhibition was observed at high irradiance. The lag observed in deep layer before gross photosynthesis was detectable (Fig. 5) can only be attributed to a reversible sul¢de inhibition of PS II and not to a lack of photoadaptation. Similar observations from natural mats exist, where increase of sul¢de was brought about by temperature shifts [8] .
In the Halothece bio¢lm, the compensation point, E c , was 50 Wmol photons m 32 s 31 , which is comparable to E c measured in natural cyanobacterial mat or bio¢lms [8, 21, 28] . However, the de¢nition of E c for the whole bio¢lm from NP measurements takes the bio¢lm as a black box. Measurements of AGP versus scalar irradiance in de¢ned layers showed that the minimum light where oxygenic photosynthesis could be detected increased with depth (Figs. 4B and 5). We interpret this as an e¡ect of sul¢de inhibition (see above). Deep Halothece cells might ¢x carbon via anoxygenic photosynthesis. Therefore in the Halothece bio¢lm and as well in natural phototrophic bio¢lms, a direct conversion of E c , determined from NP, to carbon production or utilization is problematic if alternative autotrophic metabolisms are likely to occur.
The mismatch at very high light between T O 2 and AGP is particularly interesting since evidence for this phenomenon is mounting. Wieland and Ku « hl [8] have proposed an underestimation of AGP by the light^dark shift technique as a likely cause. However, previous studies suggest that photorespiration could occur in phototrophic bio¢lms when the local O 2 /CO 2 ratio is high [8, 29] . In the Halothece bio¢lm, at 1100 Wmol photons m 32 s 31 , maximum O 2 concentration was almost six times air saturation. These conditions would favor photorespiration, leading to an O 2 consumption associated with O 2 production in the same layer. This might lead to inaccuracies of the VGP estimation by the light^dark shift technique as it has already been suggested in previous studies [11, 21] . In the Halothece bio¢lm, NP maximum was comparable to highly active natural phototrophic bio¢lms where NP rates of 10^20 nmol O 2 cm 32 min 31 are often measured [8, 30] . Such observations indicate that the experimental Halothece bio¢lm represents, in terms of productivity and oxygen dynamics, a good simulation of natural cyanobacterial mat.
Consequences of the sul¢de gradient
In the BGC, the input of total sul¢de (S t ) by di¡usion was 220 WM mm 31 , corresponding to a theoretical sulfate reduction rate of 0.045 Wmol cm 32 h 31 . This sul¢de gradient is similar to those measured with microsensor techniques in sul¢dic microbial mats [2, 31, 32] . By a modeling approach, De Wit et al. [33] simulated growth of cyanobacteria in a microbial mat with a sul¢de input of 250 WM mm 31 . However, in this study, the cyanobacterium had to compete for sul¢de with sulfur-oxidizers, which renders di¤cult the comparison with the Halothece bio¢lm obtained in the BGC.
The dynamics of H 2 S and pH in the Halothece bio¢lm at di¡erent irradiances demonstrated clearly that this organism was able to consume H 2 S as soon as light was provided (Fig. 6) . At low irradiances, the maxima of vpH and vH 2 S were located below the photic zone estimated from the VGP measurements in steady-state conditions. Therefore, this decrease of H 2 S and increase in pH in the ¢rst minutes of light exposure can only be attributed to anoxygenic photosynthesis. At higher irradiances, oxygenic photosynthesis occurred deeper in the bio¢lm resulting in an expansion of the photic zone. Therefore, the decrease in H 2 S and increase in pH could also be attributed to CO 2 ¢xation via the occurrence of both types of photosynthesis, and a precise determination of the anoxygenic activity is not possible.
The dynamics of O 2 , H 2 S and pH showed a transition from anoxygenic to oxygenic photosynthesis, Halothece cells being able to switch from one mode to the other as a function of light and sul¢de concentration. The threshold values for sul¢de inhibition of oxygenic photosynthesis could be accurately delimited. Oxygenic photosynthesis was inhibited for H 2 S concentrations above 3^8 WM (corresponding to 150^400 WM of total sul¢de at pH 8.5), and no clear variation with depth was observed (Fig. 5) . These values are very low compared to those reported for other cyanobacteria strains isolated from sul¢dic environments. For example, Cohen et al. [34] have shown that PS II of Oscillatoria sp. (isolated from a hot spring) was completely inhibited at 550 WM of H 2 S (corresponding to 2 mM of total sul¢de at pH 7.5). Similar reversible inhibition was found in natural sul¢dic cyanobacterial mats [35] and in axenic strains exposed to di¡erent concentrations of sul¢de. Strains isolated from sul¢dic environments exhibited a better adaptation [34] .
